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• ☑Quantum Simple Harmonic Oscillator, qSHO
• Photons occupy an electromagnetic mode (referred as the modes in 
quantum optics, typically a plane wave) 

• ☑Hamiltonian
• ☑Number operator
• ☑Energy Quantization (equally spacing in energy)

•The energy in a mode is not continuous but discrete in quanta. 
• ☑Vacuum state with zero-point energy

•There is a zero point energy inherent to each mode, which is 
equivalent with fluctuations of the electromagnetic field in vacuum, due 
to the uncertainty principle. 

• ☑Schrodinger picture
• ☑Heisenberg picture

•The observables are just represented by probabilities as usual in QM. 

 

Note: Quantum SHO
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• ☑Axioms
• ☑State
• ☑Operator
• ☑Density Matrix

•More on States
• ☐Coherent States
• ☐Squeezed States
• ☐Uncertainty Relation ➡ Minimum Uncertainty States
• ☐Entropy
• ☐Purity
• ☐bi-particle States ➡ Entanglement (Schmidt decomposition)
• ☐Cat states

 

Note: Quantum Mechanics
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Quantum Simple Harmonic Oscillator (SHO)

<latexit sha1_base64="NUH2uhhO/zhnNBDwuoB1wtMA6L0="></latexit>

N̂ |ni = n|ni, (1)

â|ni =
p
n|n� 1i, (2)

â†|ni =
p
n+ 1|n+ 1i, (3)

En = ~!(n+
1

2
). (4)• Energy quantization

• Equally spacing in energy difference
• Zero-point energy ≠ 0
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Poisson Distribution:
 

• mean = variance
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Bose-Einstein Distribution:
 

• Boltzmann’s law

• average photon number 
at temperature T
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Bose-Einstein Distribution:
 

• thermal state
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• ☐Eigenstate of Annihilation operator
• ☐Displacement Operator
• ☐Properties of CS
• ☐Representation of CS
• ☐Expectation Value of E-fields
• ☐Generation of CS
•More on States
•☐Minimum Uncertainty States
• ☐Uncertainty Relation ➡ Minimum Uncertainty States
• ☐Squeezed States
• ☐CS in Phase space 
• ☐Max. Mixed CS
• ☐Generalized CS
• ☐Spin Coherent States
• ☐Fermionic Coherent States

 

Note: Coherent States (CS)
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Quantum State Tomography
with	Max.	Likelihood	estimation

|0i
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|↵i
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time	sequence	data:	
Exp.	data	from	Oscilloscope

with	Hsieh-Yi	Hsieh;	
Giulia	Marcucci	(U.	Sapienza);
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|⇠i

<latexit sha1_base64="qOcQGNI9NsnqpdQVANPeNCbq5mg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYCJ4CrtBUG9BLx4jmAdkY5id9CZDZmeXmVk1xPyHFw+KePVfvPk3Th4HTSxoKKq66e4KEsG1cd1vZ2l5ZXVtPbOR3dza3tnN7e3XdJwqhlUWi1g1AqpRcIlVw43ARqKQRoHAetC/Gvv1e1Sax/LWDBJsRbQrecgZNVa6Kzz5j5z4isquwEI7l3eL7gRkkXgzkocZKu3cl9+JWRqhNExQrZuem5jWkCrDmcBR1k81JpT1aReblkoaoW4NJ1ePyLFVOiSMlS1pyET9PTGkkdaDKLCdETU9Pe+Nxf+8ZmrC89aQyyQ1KNl0UZgKYmIyjoB0uEJmxMASyhS3txLWo4oyY4PK2hC8+ZcXSa1U9E6LFzelfPlyFkcGDuEITsCDMyjDNVSgCgwUPMMrvDkPzovz7nxMW5ec2cwB/IHz+QO5YJIG</latexit>

|Cati
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Quantum State Tomography
with	Max.	Likelihood	estimation

time	sequence	data:	
Exp.	data	from	Oscilloscope

with	Hsieh-Yi	Hsieh;	
Giulia	Marcucci	(U.	Sapienza);
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Poisson Distribution:
 

• mean = variance
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Eigenstate of     :
 

• mean = variance

<latexit sha1_base64="341j1Tp09VTJ6zCdo+Yi5HKHvHw=">AAAB8HicbVDJSgNBEK2JW4xb1KOXwUTwFGaCqMegF48RzCLJEGo6PUmT7p6hu0cIQ77CiwdFvPo53vwbOwvikgcFj/eqqKoXJpxp43mfTm5ldW19I79Z2Nre2d0r7h80dZwqQhsk5rFqh6gpZ5I2DDOcthNFUYSctsLR9dRvPVClWSzvzDihgcCBZBEjaKx0X+4O0WQ4KfeKJb/izeB+E69y9lspwQL1XvGj249JKqg0hKPWHd9LTJChMoxwOil0U00TJCMc0I6lEgXVQTY7eOKeWKXvRrGyJY07U39OZCi0HovQdgo0Q/3Xm4rLvE5qossgYzJJDZVkvihKuWtid/q922eKEsPHliBRzN7qkiEqJMZmVFgawj/SrFb884p/Wy3VrhZx5OEIjuEUfLiAGtxAHRpAQMAjPMOLo5wn59V5m7fmnMXMIfyC8/4FUmuQGA==</latexit>

â
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Displacement Operator:
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<latexit sha1_base64="iQHCN2zjDCQbvC0BikDPLPk+APE="></latexit>

1. The probability of finding n photons in |↵i is given by a Poisson distribu-
tion.

2. The coherent state is a minimum-uncertainty states,

3. The set of all coherent states |↵i is a complete set,

Z
|↵ih↵|d2↵ = ⇡

X

n

|nihn|, or
1

⇡

Z
|↵ih↵|d2↵ = 1. (1)

4. Two coherent states corresponding to di↵erent eigenstates ↵ and � are
not orthogonal,

h↵|�i = exp(�1

2
|↵|2 + ↵⇤� � 1

2
|�|2) = exp(�1

2
|↵� �|2). (2)

5. Coherent states are approximately orthogonal only in the limit of large
separation of the two eigenvalues, |↵ � �| ! 1. Therefore, any coherent
state can be expanded using other coherent state,

|↵i = 1

⇡

Z
d2�|�ih�|↵i = 1

⇡

Z
d2�e�

1
2 |��↵|2 |�i. (3)

This means that a coherent state forms an overcomplete set.

6. The simultaneous measurement of â1 and â2, represented by the projection
operator |↵ih↵|, is not an exact measurement but instead an approximate
measurement with a finite measurement error.
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Representation:
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Phase space

from	Wiki

wave-nature
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Coherent states

with	Popo	Yang

Popo	Yang,	Ivan	F.	Valtierra,	Andrei	B.	Klimov,	Shin-Tza	Wu,	RKL,		Luis	L.	Sanchez-Soto,	and	Gerd	Leuchs,	
Physica	Scripta	for	the	New	Focus	issue:	Quantum	Optics	and	Beyond	-	in	honour	of	Wolfgang	Schleich.

wave-nature
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Expectation value  of E-fields:
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Generation of CS:
 


